NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Technical Memorandum 33-633

Design and Qperation of a 1000°C
Lithium- Cesium Test System

gl L. G. Hays
o> © G. M. Haskins
S @ D. E. O’'Connor
8 2 9o J. Torola, Jr.
‘Il
‘ =
| o
® | e
3 | S
o Rt
S P
=
by -
{4
Q. A
S 1°% ©
3 1= W
o~ O
[l
Cy |amm
C\) gﬁu’;o
o lang
O 199 m
QL |25°
|
(3
W gﬂl%ﬂm
| =
‘wg Sl
b+ y »
MH%&
R NN
| & 63 ol
A
L
lﬁﬁ‘a JET PROPULSION LABORATORY
]
;QEA, CALIFORNIA INSTITUTE OF TECHNOLOGY
[ P
-l g PASADENA, CALIFORNIA
!‘ .
i U.ﬂ
O @ December 1, 1973
133 ’
?ﬁom
<= O
l;.";gm



TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. 33.633 2. Government Accession No. | 3. Recipient’s Catalog No.

4. Title and Subtitle 5. Report Date pevonber 1, 1973

IESIGH AND OPERATION OF A 1000° ¢ LITHIUM-
CESIUM TEST SYSTEM

6. Performing Organization Code

7. Author{s) L. Gs Hays, G. M. Haskins, 8. Performing Organization Report No.
D, E, O'Comnor, J. Torola, Jr. '
9. Performing Organization Name and Address 0. Work Unit Mo,
JET PROPULSION LABORATORY '
California Institute of Technology 11. Contract or Grant No.
4800 Oak Grove Drive ' NAS 7-100

Pasadena, California 91103 13, Type of Report and Period Covered

12, Sponsoring Agency MName and Address Tectmical Memorandum

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546

14, Sponsoring Agency Code

15. Supplementary Notes

16. Abstract

A 100 kWt cesium-lithium test leoop was fabricated of niobiumm-1% zircomnium
for: exgerlments on erosicn and two-phase system operaltion at temperatures

of 980° € and velocities of 150 m/s. Although operated at design temper-
ature for 100 -hoursy flow instabilities in the two-phase separator interfered
with the achievement of the desired mass flow rates. A modified separator
was fabricated and installed in the loop to alleviate this problem. Because
of program cancellation, the test system has been placed in standby condition
for storage. This report documents the test system.

17. Key Words (Selected by Author(s)} ' 18, Distribution Statement

Fluid Mechanics _ Unclassified -~ Unlimited

Materials, Metallic
Test Facilities and Eqalpment
Thermodynamics

19. Security Clessif. (of fhislremrf) 20, Security Classif, (of this page) | 21. No. of Pages | 22. Price
Unclassified Unclassified 137

Z



HOW TO FILL OUT THE TECHNICAL REPORT STANDARD TITLE PAGE

ot

Make items 1, 4, 5, 9, 12, and 13 agree with the corresponding information on the
report cover, Use all capital letters for title {item 4),. Leave items 2,6, and 14 |
blank, Complete the remaining items as follows: '

3. Recipient's Catalog No, Reserved for use by report recipients,

7. Author(s). Include corresponding information from the report cover. in
addition, list the offiliation of an author if it differs from that of the
performing organization,

8. Performing Organization Report No, Insert if performing organization
wishes to assign this number,

10, Work Unit No. Use the agency-wide code (for example, 923-50-10-06-72),
which uniquely identifies the work unit under which the work was authorized,
Non=-NASA performing organizations will leave this blank.

11. Insert the number of the contract or grant under which the report was
prepared,

15. Supplementary Notes, Enter information not included elsewhere but useful,

such as; Prepared in cooperation with,, , Trenslation of (or by). .. Presented
at conference of., . To be published in...

16. Abstract, “Include a brief {not to exceed 200 words) foctual summary of the

most significant information contdined in the report, - If possible, “the - .- - -

abstract of a ¢lassified report should be unclassified. - the report centains
a significant bibliography- or+|iterature survey,- mention it herg,~ - - -~ -1 -

17. Key Words, Insert terms or short phrases selected by the author fhar identify -
the principal subjects covered in the report, and that are: sufficiently B
specific and precise to be used for cataloging. :

18. Distribution Statement, Enter one of the authorized statements used to
denote releasability to the public or a limitation on dissemination for
reasons other than security of defense information, Authorized statements
are "Unclassified—=Unlimited, " "U, 5, Government and Contractors only, "
", 5. Government Agencies only, " and "NASA and NASA Controctors only, "

19. Security Classification (of report), NOTE: Reports carrying a security
classification will require additional markings giving security and down-
grading information as specified by the Security Requirements Checklist
and the DoD Industriel Security Manual (DoD 5220, 22~M),

20. Security Classification (of this page). NOTE: Because this page may be
used in preparing announcements, bibliographies, and data banks, it should
be unclassified if possible, 1f a classification is required, indicate sepo-
rately the classification of the title and the abstract by following these items
with either "(U)" for unclassified, or "{C)" or "(3)" as oppllccble for
‘classified iteins; '

21. No, of Poges, Insert the number of pages,

22, Price. Insert the price set by the Clearinghouse for Federol Scientific and
Technical Informotion or the Government Printing Office, if known,

[EN——

LL




NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Technical Memorandum 33-633

Design and Operation of a 71000°C
Lithium— Cesium Test System

L. G Hays
G. M. Haskins
D. E. O'Connor
J. Torola, Jr.

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY

PASADENA, CALIFORNIA

December 1, 1973

yi/



Prepared Under Contract No. NAS 7-100
MNational Aeronautics and Space Administration



PREFACE
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ABSTRACT

A 100 kWt cesium-lithium test loop was fabricated of niobium-1%
zirconium for experiments on erosion and two-phase system operation at
temperatures of 980°C and velocities of 150 m/s. Although operated at
design temperature for 100 hours, flow instabilities in the two-phase sepa-~
rator interfered with the achievement of the desired mass flow rates. A
modified separator was fabricated and installed in the loop to alleviatfe this
problem, Because of program cancellation, the test system has been placed

in standby condition for storage. This report documents the test system,
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I. INTRODUCTION

Power generation for advanced space missions and central station
power by a liquid metal magnetohydrodynarmic cycle has been studied exten-
sively (Refs. 1-4), A promising system for power levels above about 100 kWe
is based on the two-component éeparator cycle using lithium and cesium as
working fluids (Refs. 5 and 6). Cesium is mixed with lithium at high temper-
ature at the inlet of a nozzle as shown in Fig. 1. The cesium vaporizes and
the mixture is accelerated in the nozzle to high velocity, Impingement on an
inclined surface produces a low-void fraction stream that is predominantly
liquid lithium, This stream is decelerated in an MHD generator, producing
electric power, and is subsequently returned by its remaining kinetic energy
through the heat source to the nozzle inlet, The other flow leaving the sepa-
rator is a high-void fraction stream that consists of cesium vapor with carry-
over of liquid and vaporous lithium, This mixture is condensed and returned

by a pump to the nozzle inlet,

The characteristics of this system have been partially determined by
analysis (Ref, 6), by component experiments using ambient water-nitrogen,
NaK, and NaK-nitrogen mixtures (Refs. 7 and 8), in system experiments with
water-nitrogen and NaK-nitrogen mixtures (Ref, 8), and through high-tem-
perature, corrosion-erosion experiments with lithium (Refs. 9 and 10).
However, information on the following subjects requires testing with cesium

and lithium at the peak system temperatures:

(1} Erosion of surfaces by lithium impingement at the design velocity

of 150 m/s.

{(2) Performance of a two-phase nozzle with a cesium-lithium mix-
ture,

(3) Condensation characteristics of cesium-lithium mixtures.

JPL Technical Memorandum 33-633



(4) Nonequilibrium behavior of cesium-lithium flows where solution

or dissolution are occurring,

In order to investigate these subjects a flow system was fabricated from
niobium-1% zirconium alloy to operate with cesium-=-lithium at a peak temper-
ature of 980°C. Erosion can be determined by measuring the depth of attack
or deposit on a wedge with an optically flat surface which was located in the
flow stream at the nozzle exit. Nozzle performance can be derived from the
measured thrust produced by the flow on a target cone which was designed to
turn the flow by 90 deg. Cesium condensation coefficients can be determined
by measurements on the NaK-cooled compact condenser. Nonequilibrium
behavior would be inferred by deviations from the thermodynamic cycle

calculations.

The test system was operated with simultaneous cesium and lithium
flow at the design temperature of 980°C for about 100 hours., Figure 2 is a
photograph of operation at high temperature and low flow rates. Flow insta-
bility prevented attainment of the design mass flow rates and impingement
velocities, Modifications to the separator component to eliminate the insta-
bility were nearly completed when the NASA liquid metal MHD project was
cancelled. The test system has been placed in a standby condition pending

further investigations oriented toward commercial power generation,

Appendixes A, B, C, and D present, respectively, loop operating
procedures, test system schematics, fabrication drawings of the test sys-

tem, and loop operating characteristics.
II. DESCRIPTION OF TEST SYSTEM

The two-component liquid metal MHD system being studied and the
Cs-Li test system are most closely related to the Rankine cycle. The flow
paths and processes can be illustrated by reference to Fig, 3, which is a
schematic of the liquid metal circuits of the test system. Lithium is heated
to the maximum temperature in the heater component and flows to the nozzle,

where it is injected at point 1.

Cesium liquid is also injected in the nozzle at point 2. Part of the
cesium vaporizes and the remainder goes into solution with the lithium,

which remains mostly in the liquid state. The cesium vapor is accelerated

JPL Technical Memorandum 33-633



to high velocity and low pressure in the nozzle. As the pressure decreases,
more cesium comes out of solution and vaporizes. Shear and pressure
forces resulting from the expanding cesium vapor cause breakup and acceler- .
ation of the lithium droplets to high velocity., The mixture impinges on the
target and on a mesh separator within the receiver component. The lithium
pump increases the pressure to the maximum of the cycle and returns the
flow to the heater. The cesium vapor leaves the receiver vessel and flows
to the desuperheater. Subcooled liguid cesium is injected at that point to
reduce the cesium vapor (which is highly superheated) to the saturated state.
The vapor then enters the condenser, where the heat of vaporization is re-
moved by flowing NaK, is condensed, and returns to the cesium pump. The
pump pressurizes the cesiurm and returns it to the nozzle and through a

cooler to the desuperheater,

Figure 4 is a photograph of the cesium and lithium circuits prior to
testing. All components and piping were fabricated from Nb-1%Zr, All
weldments were performed in a high-purity argon atmosphere. This part of
the test system was mounted on f:he door of a getter-ion pumped vacuum
chamber which was operated in the 1077 torr range to protect the refractory
metals from oxidation during high-temperature operation, Description of the

test system components and their performance is summarized below.

A, Two-Phase Nozzle

The two-phase nozzle for the test system was designed to provide
cesium and lithium flow over a range of conditions. The design pressure
gradient was established from the pressure variation measured on a larger
nozzle, using water-nitrogen and freon-water flows. This gradient was used
in the two—phase; two-component nozzle program to calculate the contour.
The resulting geometry is summarized in Fig, 5. Figure 6 is a photograph

of the nozzle prior to final welding.

The nozzle was calibrated with water and nitrogen to compare the exit
velocity with that calculated by the computer program, | The test setup is
given in Fig. 7. As shown in Fig. 8, the agreement between the calculated
and measured. exit velocity was quite good., The computer program was
then used to calculate the nozzle flow rates as a function of inlet temperature
and mass ratio with the result shown in Fig. 9. At saturated Cs vapor con-

ditions at the inlet, there is a unique relation between the cesium and
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lithium flow rates. The information from Fig. 9 was used to determine the
flow rates and operating conditions of the test system for the desired values

of mass ratio and nozzle inlet temperature,

B, Thrust Target and Separator

The relation of the nozzle and thrust target is given by Fig. 10, The
two-phase lithium-cesium flow impinging on the thrust target is turned by
90 deg. The thrust produced is transmitted through a stainless-steel bellows
which is joined to the Nb~1%Zr alloy by a coextruded joint. The measured
thrust thus provides an indication of the nozzle exit velocity. The separated
lithium falls to the bottom of the separator and is returned to the lithium
pump, The cesium vapor is separated from the lithium by a mesh-type

separator and flows to the desuperhecater.

The thrust target with the erosion specimen mounted in place is shown
in Figs. 11 and 12. The erosion specimen is an optically flat wedge which
extends beyond the nozzle exit diameter. Erosion depth was to have been
measured with a traversing microscope as was done on a previous test
(Ref, 10). The basic wedge is Nb-1%Zr alloy; the insert, which was electron-
beam-welded to the Nb-1%Zr, is T-111 alloy.

Figure 13 shows the thrust target mounted in the separator body. The
Nb-1%Zr mesh was wrapped on the outside of the perforated annulus as

shown in the assembly drawing of Fig. 14,

The entire unit was assembled and tested with water-nitrogen flows.
The thrust measured by the thrust target agreed to within 5% with the values
measured for the nozzle alone, The nozzle exit velocity was varied from
90 to 155 m/s for these measurements. Liquid carryover in the gas exit
ranged from 2-7% of the primary liquid flowrate, acceptable values for the
high-temperature flow system. Complete separation of gas from the liquid
outlet flow was made possible by adding baffles, as shown in Fig. 15. How-
ever, these same baffles resulted in excessive lithium holdup during the

lithium-cesium tests.

In order to eliminate this holdup problem a cyclone separator was
designed for the lithium-cesium test system. A model was tested (Fig. 16)

with water and nitrogen with a liquid carryover in the gas outlet of less than
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0.1% and gas-free flow at the liquid outlet. Figure 17 shows the cyclone

separator fabricated of Nb=1%Zr ready for installation in the test system.

C. Lithium Pump

The lithium pump is a helical induction electromagnetic pump., The
pumping element shown in Fig. 18 is a Nb-1%Zr structure that fits within a
stainless-steel, thermally-insulated sleeve. The electromagnetic body
forces are supplied through the stainless-steel sleeve by an air-cooled,
three-phase motor stator shown in Fig. 19. The pump was operated for
more than 1000 h at temperatures exceeding 1000°C and for more than
4000 h above 650°C,

The calculated performance curve is given in Fig. 20. Previous tests
with lithium flow nozzles at 1100°C gave measured performance data which
agreed quite closefy with the calculated performance (Ref. 9}). A serious
limitation of the pump which became apparent during the testing was the
tendency of vapor to accumulate within the pump body and cause flow oscil-
lations. Extensive shakedown testing was required to evolve a startup pro-
cedure that minimized this problem. Although vapor accumulation was a
problem, the pump was able to operate with a negative suction head. The
most successful two-phase startup procedure consisted of injecting cesium
while the pump operated with lithium flow at 980°C and zero pressure at the
inlet,

D, Lithium Heater

The heater to raise the lithium to the maximum temperature of 980°C
consisted of four Ycal-rod" type elements welded in a Nb-1%2Zr shell. Fig-
ures 21 and 22 are photographs of this unit before final welding., The heating
elements are tantalum center conductors with beryllia insulation and swaged
Nb-1%Zr sheaths. The beryllia was removed to a depth of 6 mm to enable
the Nb-1%Zr sheaths to be TIG-welded to the Nb-1%Zr shell without degrad-
ing the ceramic insulation. As shown in Fig. 21, the body and elements are
‘curved to provide flexibility to accommodate thermal stresses. The unit
was operated for over 3000 h, heating lithium at temperatures ranging from
650-1000°C. After this time a small leak occurred at one of the sheath
weldments, The leak was repaired and the unit was to have been used on

succeeding tests, KElectron-beam welding of the sheaths rather than TIG
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welding would have enabled a greater depth of penetration, which probably

would have eliminated this problem.

E. Lithium Flowmeter

The electromagnetic flowrmeters used for the lithium and cesium are
shown in Fig., 23. The calculated characteristics of the lithium flowmeter
are given by Fig. 24, Calibration of this flowmeter with 1100°C lithium flow
nozzles showed the measured flow to agree to within #5% of the calculated

values,

F. Cesium Pump

The cesium pump is of similar construction to the lithium pump. The
stator is seen in Fig. 19, adjacent to the stator for the lithium pump. The
flow was controllable with a throttling valve during the periods of operation
at lower flow rates. Attempts to run the pump at higher pressure rise with a
low inlet pressure and low flow rate resulted in excessive temperature rise
and vaporization of the cesium at the pump inlet. A small jet pump was fab-

ricated which should have eliminated this problem when installed.

G, Cesium Flowmeter

The cesium flowmeter of Fig. 23 was used only at very low flow rates,

The calculated output curve is given in Fig. 25.

H. Cesium Desuperheater

The cesium vapor leaving the separator is highly superheated and has a
very poor heat transfer coefiicient. The desuperheater of Fig. 26 was
designed to lower the temperature to saturated vapor conditions by injection
of subcooled cesium liquid. The large surface area afforded by the small

liquid metal droplets more than compensates for the poor coefficients,

An alternative method to desuperheat the Cs vapor is a heat exchanger
with large internal surface area. A radiant heat exchanger with internal
Nb-1%Zr fins was fabricated (Fig. 27) to replace the original desuperheater,
This would enable the subcooled cesium bypass flow to be used for the

cesium jet pump discussed previously.

JPIL Technical Memorandum 33-633



I Cesium Condenser

The condenser for the cesium was constructed of both Nb-1%Zr and
stainless steel. The niobium alloy is required for the condensing cesium,
while stainless steel is the material of construction for the NaK cooling sys-

tem that rejects the latent heat of vaporization from the cesium,

The condenser assembly is shown in Fig, 28 before welding and in
Fig. 29 after final assembly. The tfansifion between the staiﬁié's:s-steel-'tees"
and center section and the niobium end pieces that weld to the Nb-1 . r
cesium tubing was achieved by brazing with a cobalt-nickel alloy. The con-

denser performed satisfactorily at the low Cs vapor flow rates tested.

J. NaK Heat Rejection l.oop

The NaK heat rejection loop was constructed of type 316 stainless steel.
NaK flow is produced by an electromagnetic AC conduction pump. The flow
piping enters the vacuum chamber through a thermal sleeve. The entering
NaK removes heat from the cesium subcooler and condenser and exits the
vacuum chamber through another thermal sleeve, If flows through an expan-
sion tank, heater, and air-blast heat exchanger (to reject the heat) back to
the pump. The function of the heater was to control the NaK temperature
during low-load operation and to heat the NaK during purification operations.
A titanium-zirconium hot trap was provided for initial purification. The heat

rejection system is shown in Fig. 30 before insulation.

K, Vacuum Chamber

The vacuum chamber and getter-ion pump are shown in Fig. 31. The
chamber is heated so that the temperatures of all liquid metal lines can be
maintained at at least 200°C to prevent solidification. All ports have bake-
able metal seals. The main door seal is Viton-A cooled to less than 100°C,
During testing the chamber operated in the 10"7torr range, with the liquid

metal system at 980°C and the chamber at 250°C,

L. Instrumentation and Controls

Liquid metal pressure was measured directly with bonded strain gage
transducers. The transducers and pressure lines were maintained at 230°C
to prevent solidification. Installation of the transducers in the heated en-
closure is shown in Fig. 32. Valving was provided to enable calibration

during operation of the test system.,
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Chromel-alumel thermocouples were used for temperature measure-
ment, Attachment to the Nb-1%Zr piping and components was made by weld-
ing the wires to a tantalum foil which, in turn, was welded to the niobium
alloy. Only two thermocouples of 53 failed during more than 3000 hours of

testing.

All instrumentation readout and control of the loop was accomplished
remotely. Figure 33 shows the control console and alarm system which was
used during the test, Schematic diagrams of the instrumentation and control

circuits are given in Appendix B,
III, Operating Experience

The test system was operated for over 3000 h with liquid metal flow to
determine the proper startup sequencing and flow characteristics with cesium
and lithium. Achievement of stable flow with both liquid metals was very
difficult and tedious, For proper fuanctioning with cesium condensation in the
condenser, no cover gas {argon) could be tolerated. Yet it was found that
heating the evacuated system from ~200 to ~650°C while lithium was flowing
always caused argon to evolve from the lithium, Attempts to reduce the
pressure while circulating lithium produced instabilities and the loss of the
pumping action unless extremely gradual reductions in pressure were used
(~0,1-0,2 atm/day), Another problem which occurred early in the test
sequence was lack of control of the cesium flow rate. Attempts to start the
cesium pump at a low flow rate and without a control valve inevitably re-
sulted in injection of a cesium flow which was too large for the conditions of
lithium temperature and flow. The result was entrainment of cesium in the
lithium circuit and the subsequent loss of the lithium pump due to cesium
vaporization in the pump. This latter problem was eliminated by installation
of a valve in the cesium line and an externally controlled cesium injection

system for startup,

With these modifications, relatively stable cesium and lithium flow
was obtained at lower flow rates (~0.1 kg/s). Attempting to further increase
the lithium flow resulted in severe flow oscillations, cesium entrainment,
and loss of the lithium pump. The reason for the flow oscillations is the
holdup of lithium in the separator because of the baffles which were installed

after hydraulic testing. Use of the centrifugal separator of Fig. 17 should
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eliminate this problem and enable the attainment of higher flow rates. Fig-
ure 34 is a schematic of the test loop as it should appear after the above

modifications are made.
IV, SUMMARY

The cesium-lithium test system proved to be a reliable installation for
obtaining lithium and cesium flow at 980°C. However, stability problems
were encountered as the flow rates were increased above about 0.1 kg/s.
Minor modifications to the separator should enable attainment of the 0. 4-

kg/s design flow rate with stable operation.
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Fig. 4. Cesium-lithium test circuits before activation

r0,422 16
DIA ‘L\ |—0.310 DIA

} s e - H- 4 0.660 DIA
— ¥
=0.625 1423 -
DIA LO 1.423
aal 7 T B
e 5.680 ] |
DETAIL Y

DIMENSIONS ARE IN INCHES

Fig. 5. Cesium-lithium nozzle
geometry

JPL Technical Memorandum 33-633 13



14

Fig. 6.

Fig. 7.

Cesium-lithium nozzle before welding
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Fig. 21. Lithium heater before welding

Fig. 22. Lithium heater end before welding
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Fig. 27. Radiant cesium desuperheater before welding
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Fig. 31. Vacuum chamber and ion pump for cesium-lithium erosion loop

JPL Technical Memorandum 33-633

33



34

Fig. 32.

Pressure transducer installation
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APPENDIX A

LOOP OPERATING PROCEDURES

The startup and shutdown procedures used for the test loop are sum-

marized below. The main modification required was installation of a cesium

injection system and its actuation prior to starting the cesium pump (step 17).

Full flow (steps 18-22) was not realized because of the problems discussed
in the text, Values of temperatures, pressures, and flows are given in

English units since the instrumentation and gauges are all in these units,
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10.

11,

12,

STARTUP PROCEDURES FCOR Cs-Li LOOP

Startup Step

Evacuate loop 1o less than 10 microns by
opening manual valves HT-1 and HV-1.
Fvacuate chamber to leds than 10 microns
by opening vacuum valve MV-1 to roughing
manifold. Turn on load cell and O-ring
cooling air flange, and bus cooling water,
Turn on makeup air in NaK room.

Turn on the chamber heaters to 5 A in each
leg. Increase by 5-A steps over 10-12 h
time until current is 28 A. Continue pump-
ing until pressure is below 10 microns
again. Close all transducer valves to loop,
Backfill with argon to 75 mum,

Start diffusion pump; open to chamber;
close vacuum valve MV-1 to roughing mani-
fold, Close manual values HT-1 and HV=-1,

Adjust pressure on lithium sump to 15 psig.
Heat to 500°F,

Actuate Li pump. Adjust veltage until T-9
reads 450°F, Shut off pump.

Open lithium fill valve, V13, slowly. Moni-
tor TC-3 to determine when receiver is
filled to proper level, When TC-3 actuates,
close V13,

Adjust pressure on cesium sump to 15 psig.
Heat to 200°F.

Actuate Cs pump, Adjust voltage until T-21
reads 300°¥F. Shut off pump,

Open cesium fill valve, V15, slowly. Moni-
tor TClé to determine when cesium leg is
filled to proper level. Close V15 and V1.

Evacuate NaK loop through HV5., Open V&,
V9, and V17; continue evacuation while
vacuum manifold is <10 microns, Close
HV5.

Increase the argon on the supply tank to

8 psig; open the auxiliary drain valves (V11
and V12), then the main drain valve (VT),
slowly and only enough to insure flow. It is
beat to fill the system slowly, When ths
liguid level has reached the desired level

in the expansion tank, close the drain valves
{V?, V11, and V12), then the heat exchanger
bypass valve (V5), the exit valve on the

heat exchanger (V6), the hot trap bypass
valve (V4), and the Cs-Li loop bypass valve
(V10), Open the two loop valves V8 and V9.
Liaten for NaK flow in the loop lines, Asa
final step, adjust the level by adding orx
draining NaX to the predetermined level as
discussed in a previous section. Set the
pressure at 10 psig on the reservoir and
supply tank.

Turn the NaK pump powerstat up slowly

until the liquid metal i{g flowing in the loop.
Keep a constant watch on the flowmeter. I
there 18 no immediate indication of {flow, stop
the pump immediately and determine the
trouble.

Values of Key Parameters

Pressure of chamhber — 10~2 torr on multi-torr
gauge.

Final chamber temperature = 500°F, Loop tem-
perature = 45(°F,

Chamber pressure of 10-5 torr,

Current setting of 5 A on trace heater to obtain
500°F,

T-9 = 450°F,

Li pump voltage =45 V.

T-3 should raise fram 450 toc 500°F in 2-3 s when
lithinm is at the proper level.

Current setting of 3 A on trace heater to obtain
200°F,

T-21 = 300°F,
Cs pump voltage =33 V.

T-16 should lower from 450 to 200°F in 2-3 s
when Cs is at the proper level,
Manifold vacuum should be < 10 pm at 4 h,

Level indicator light on Nak reserveir will change
from red to yellow at proper level.

CAUTION: This is a high-capacity pump and

cannot he operated without flow or liquid metal in
the pumping section, In the event that there is no
indication of flow, double-check the electrical
connection on the flowmeter and purnp, all valve
gettings, and the liquid level, 1f everything
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STARTUP PROCEDURES FOR Cs-Li LOOP (contd)

Startup Step Values of Key Parameters

12, {contd) appears in order, try the pump again. Watch for
a flow indication and also use an ammeter to
check that the current is flowing to the pump., A
humming or buzzing sound will be heard if power
is reaching the putmnp.

The above instructions may seem rather pessi-
mistic, but the most important point to remember

is that power must not be left on this pump for )
more than a few seconds without liquid'metal -~ "v"
flowing. . e B .

13, Turn the NaK immersion heater on and set
the temperature for 650°F, Close the valve
{V4), isolating the hot trap from the system.
Do not circulate cold liquid metal through the
hot trap, By adjusting the flow through the
heat exchanger, the desired temperature can
be reached.

Once the loop temperature has reached 65D°F,
operate at this point for an hour to ensure
that the flowmeter is wet. Set the pump cur-
rent at 19. 5 A for a flow of 0, 33 1b/s. The
next step is to raise the loop temperature to
1D00°F. Actuate the coeling blower for the
pump when the loop temperature exceeds
850°F., Circulate at this temperature for a
periad of 24 h to ensure that oxides and im-
purities are absorbed in the liquid metal.
Maintain as high flow in the heat exchanger
as practical in order to ensure that the in~
sides of these tubes are also cleaned.

14, Operate the hot trap, starting the flow slowly,
1/4 - 1/2 gpm, through the hot trap by open-
ing the valve {V4), The flow in the main loop
should be 1 1b/s through the heat exchanger,
All portions of the loop rmust be at a minimum
of 1000°F while hot trapping to ensure that
any oxide present is in solution. Maintain the
temperature at a minimum of 1000°F and the
flowrate through the loop at some reasaonahble
rate (1/2 - 1 Ib/s). The time required to re-
duce the oxide content to an acceptable level
is dependent on the quantity present and the
operating temperature of the hot trap, The
oxide removal rate is greater at 1200 than
1000°F, KExperience indicates for a system
of this size that a minimum of 12 h would be
necessary to initially clean the systemn., Re-
duce the heater voltage until the loop temper-
ature is 800°F,

15, Start Li pump at 25 V. Gradually increase 1.16 mV on F1 = 0,3 1b/s at 500°F, Pump volt-
until flow rate ¥l is €. 3 1b/s, Start freeze age = 50 V.
stem flow at maximum flow rate, Remove
insulation from Li pump duct port and Cs
pump port,

16, Actuate Li heater at 200 A, Increase current E3 = 2,25 V oat 200 A,
until Li inlet temperature TC-1 is 1200°F E3 = 4,7 V for 1200°F.
{100°F/h).

17. Set Li purmnp at 90 V. Cs flow, F2 = 0.0076 1b/s

Start Li pump blower. (0,06 mV)at E2 = BO V

Start Cs pump at §0 V. Liflow F1 = 0,3at90 V

Actuate Cs pump blower,

Set heater at 9.1 V.

@ a0 g
St St et St ot

(
(
(
{
(
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17,

18,

19,

20.

21,

22,

STARTUP PROCEDURES FOR Cs-Li LOOP (contd)

Startup Step

{contd)

Open valves to transducers. Reduce freeze
valve flow until T-26 = 450°F. Actuate load
cell motor until the gap is reduced to 0. 010
in,

Increase Li inlet temperature in 100°F steps
by first increasing the heater voltage, then
the lithium flow, then the cesium flow. Keep
chamber pressure in the 10-5 range. Actu-
ate the ion pump when 1800°F is reached and
pressure is declining. Valve off diffusion
pump. When the Cs pump temperature TC21
reaches 1100°*F, evacuate Cas expansion tank
through manual valve HVZ2, close manual
valve HT2, open the manual valve VI8 fo the
expansion tank until the first level thermo-
couple TC-52 is actuated, close the manual
valve V18, When Cs temperature TC-21
reaches 1300°F, drain loop through the Cs
drain line VI8 until the second level thermo-
couple TC~53 is actuated.

Adjust the separator gap until the NaK outlet
temperature TC~33 is minimized, Change V1
until saturated vapor is obtained (compare
TCI4 and PI1).

Adjust the Li pump and Cs pump, heater and
NaK temperature until P1 = 137 psia at a
value of F1/F2 = 10,

Measure nozzlc thrust, Vary stem position
by 40. 010 in, in 0.002-in., increments te
determine spring constant.

Freeze stem by increasing the Dowtherm flow
to the full flow rate,

Values of Key Parameters

T1 El E2 E3 n

1300 110 100 11.2 0

1400 136 125 13,1 0

1500 165 153 15.0 0 c1 =0
1600 198 186 17. ¢ " '
1700 231 236 18.2 . 818

1800 279 293 21.2 . 891

1700 233 226 13. 8 . 449 Ci =0
1800 283 277 16.4 . 509 -

The values under key parameters are for a
lithiurn carryover fraction of ¢, 05, Different
values will result in different heater settings to
attain the required temperatures,

JPI, Technical Memorandum 33-633
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VALVE PCSITIONS FOR EROSION LOOP STARTUP
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|84

Scartup
Step Valve No. ¥ Valve No. SA Valve No. SV _HE
14562891011 12131 151 17181 1235453628810 1223456218 12
1 D x X x XXX Xx X X X X X X T 0 x X ¥ X X X X X X X X X X X X ¥ X X X a0
2 9 X x X T ¥ ¥ X % ¥ ¥ X X X X 0o X X X X X X X X X X X X X X X ¥ x XX o 0
3 ¥ X¥XXXXXIXXX X X X X ¥ ¥ X X X X X X X X X X X X X X X X X X X X X X X
4 X X ¥ XX ¥XXxX X ¥ X x»* X X X £ X X XX XX X 0X X X ¥ X X X X X ¥ X X X
5 X ¥ ¥ X X XXX ®¥® ¥ x* ¥ £ X X X X X X X XX X 90 X X X X X X X X X X X X X
13 X X X X X XXX %X XOox X X X X x X X X X X X X0/XX X X X X X X X X X X X X
7 X ¥ XX X x X X X ¥ X X ¥ X X x X X X XXX 0 X X X X X ¥ X ¥ X X X X X X
8 ¢ X X X X X X X X ¥ X ¥ X X X X X X XX X X 0 X X X X. X X X X K X X X X X
9 ¢ X X X X ¥ XX X¥ ¥ X X oKX ¥ X X X ¥X ¥ XX X X X X X X X X Xx X X x X X X
10 ¥ X X XX0DDODX X X X X X X o0 x X ¥ X ¥ ¥ ¥ K X X K X X ¥ B X X ¥ X X X X
i1 X Oo/X0/X0/30/X 0 OO/XO/X0/X ¥ X X X 0 X X X X XO/X0/XX X X X X X ¥ X ¥ X X ¥ X X
12 XX X XX006X X X £ X X X 0 % X X X X XXX X X X X XXX XXX XX X X
13 X X090 XXo0ZX X X X X X X 0 x X X X X X X X ¥ X x X X X X X X X X X X X
14 Xo/x0 ¢ X ¥ 0 X X X X X X X 0 X X X X X X ¥ X X X X X ¥ X X X X X X X X X
15 XXX X*X00DX X X X X X X ¢ % X ¥ X X ¥ X X ¥ X X X X X X x¥x X X X X X X
16 K XXxXXxX090x X X X X X x 0 X X ¥ X x 2 XX % KX X X XX XX X X X X X
17 ¥ ¥ ¥ ¥ Xo00%X X X X X X X 0 XX X ¥ X X XX X XX X X X ¥ X X X X X X X X
18 0O XX X 00X X X X X X X 0 aff X X X X X X X X X X X X X X X X X ¥ X X X
13 0 X XX X00TX X X X X X X 0 X X L X X X X X X X X X X X X X X X X X X X
20 0 X x X X00X X X X X X X 0 X X ¥ X X x X Xr ¥ X X X X X X X X X X x X X
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10.

NORMAL SHUTDOWN FOR EROSION LOOP

Decrease the Li pump and Cs pump voltages concurrently by 25-V steps
until a Li pump flow rate of 0.3 lb/s is reached, Reduce flow to freeze
valve and increase gap to 0. 045 in,

Decrease the Cs pump voltage further until a setting of 25 V is reached.

Decrease the Li heater power until a lithium inlet temperature of
1000°F is reached (100°F/hr).

Turn off cesium pump,

Turn off Li heater.

Decrease Li pump voltage by 25-V increments until it is off.
Turn off NaK flow.

Set Li sump pressure to 5 psig and loop pressure to 15 psig. Open
SA3 manual valve HT1 and V13 to drain lithium. Drain until sump
pressure risecs. Repeat for Cs sump using SA3 manual valve HT1 and
V15. Close SA3 and drain valves V13 and V15, Evacuate loop through
SV6 and manual valve HV1, Close SV6 and manual valves HVI1 and
HTI1,

Fvacuate both sumps through HV3 and HV4, Close HV3 and V4.

Heat both sumps to 400°F, Heat chamber and pumps to 800°F. Open
V13 and V15, Monitor fill and dump line temperature TC-43, When
TC-43 drops to ~400°F the loop is drained. Close V13 and V15, Turn
off all heaters,

JPL Technical Memorandum 33-6£33



EMERGENCY PROCEDURES FOR EROSION LOOP

i i

HB = high bay

Location
Emergency Function of
Function
1. Liquid metal | a. Turn off Li, Cs, NaK pumps, Li heater, CR
leak in ion pump.
chamber b. Close manual dp valve (if open). HB
¢. If O-ring temperature rises to 300°F, open HB
argon flood for chamber, SA-8,
d. Increase cooling flow on chamber to limit HB
temperature rise.
e. If NaK level drops, pressurize NaK reser- CR
- voir to 10 psig, and drain through V7 to
NaK sump. Watch chamber pressure.
f. Keep system under observation as temper- CR/HB
ature cools.
2. Liguid metal | a. Turn off Li, Cs, NaK pumps, Li heater, CR
leak in NakK | bus cooling water.
room b. Turn off heat exchanger blower and makeup CR
air blower.
c. Closec heat exchanger damper by setting CR
controller on 1400°F,
d. Pressurize NaK reserveir to 10 psig, CR
drain through V7 to NaK sump.
e, When leak stops, extinguish fire if safe. HB
3, Liquid metal [ a., Turn off Li, Cs, NaK pump, Li heater, CR
leak in door bus cooling water,
area b. Turn off heat exchanger blower and makeup CR
air blower,
c. Close heat exchanger damper by setting CR
controller on 1400°F,
d. 1If safe, turn off flange water and trans- HB
ducer oven,
e. If NaK level drops, pressurize NaK reser- CR
voir to 10 psig and drain through V7 to
NaK sump.
f. If leak is from transducer box, valve off HB
all transducers, if safe,
g. When safe, extinguish fire. HB
CR control room

JPL Technical Memorandum 33-633
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AFPPENDIX B

TEST SYSTEM SCHEMATIC DIAGRAMS

All instrumentation, control, flow, argon and vacuurmn, and electrical
schematics for the test system are countained in this appendix (see Figs. B-1

through B-30).

The following manufacturers! manuals are available at the Jet Propul-

sion Laboratory, care of Section 383 files, Mr. L. H. Huebner.

1. Technical Manual, Helical Induction Electromagnetic Pump, Model

5KY414PK1 (Lithium), General Electric Company.

2, Technical Manual, Helical Induction Electromagnetic Pump, Model

SKY414PJ1 {Cesium), General Electric Company.

3. Instruction Manual, TrioVac, 500 liter/s Triode Ion Pump, Model
22TP300, General Electric Company.

4. Instruction Book, Type WSH-Arc Welder, 1000A, Westinghouse

Electric Company,

5. Miscellaneous instrumentation and auxiliary component calibration

sheets and instruction manuals.

JPL Technical Memorandum 33-633
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Inside Chambex

INSTRUMENTATION FUNCTIONS

Transducer Connections

N OWw M~ Pl

o b

24

25

27
28
29
3o
31
v 32

Nozzle inlet - lithium

Nozzle inlet - cesium

Receiver lithium £1i11
Receiver cesium exit

Receiver lithium exit

Lithium pump return line
Lithium pump exit

Lithium pump duct A

Lithium pump duct B

Heater bus A

Heater bus B

Heater body

Lithivm fluwmeter magnet
Condenser, cesium inlet
Condenser, cesium exit
Condenser, cesium fill

Cegium line, cooler to de-sup
Cesium pump return line

Cesium pump exit

Cesium pump duct A

Cesium pump duct B

Cegium flowmeter magnet
Receiver level indicatox
Co-extruded joint, pressure taps
Co-extruded joint, loop vacuum
Co-extyuded joint, load cell stem
Receiver

Nozzle inlet lithium

" Nozzle inlet cesium

Nozzle body
Sight glass, 3-1/4 in. high
Sight glass, 4-1/2 in. high

TC Panel 1 Qutside Chamber TC Panel 2
1& 2 TC-33 NaK exit piping 65 & 66
3 4 34 Expansion tank 67 &8
5 6 35 Heater 59 70
71 8 36 Hot trap 71 72
9| 10 37  Hot trap flowmeter 73 74
11y 12 38 Heat exchznger out 75 76
13 14 39 Main floumeter 77 78
15 15 40 Pump outlet 79 80
17 18 41 Na¥X pump windings 81 82
19 | 20 42 Pressure tap lines 33 84
21 ) 22 43 Fill and dump lines 119 120
23 | 24 a4 Lithium pump windings 121 122
25 | 26 45 Cesium pump windings 123 124
27 28 46 Transducer oven 123 126
29} 30 43 Heater feedthru A 127 128
31 { 32 48 Heater feedthru B 129 130
33 34 3 49 Chamber body 131 132
35 4 36 50 Axbient 123 1 134
37 38 51 Thermocouple ambient 135 % 136

39 | 40 Y 352 137 v 138
41 ) 42
43 1 44
45 1 46
47 1 48
49 1 50
51 52
53 1 54
55 56
57 58
59 60
61 62
63 ¥ 64
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Instrumentation Functionsg

Transducer Connections (contd)

Pressure Functions

Pressure Panel Amp, Out Connections

O 00~ W R

Nozzle, lithium inlet
Nozzle, cesium inlet
Receiver pressure
Nozzle tap
Nozzle tap
Nozzle tap
Hozzle tap
Nozzle tap
Nozzle tap
Nozzle tap
Condenser cesium inlet
Cesium pump inlet

NaK bypass

GOHMOOW >

Flowmeter Functions

D
R
fa o

*ﬁ":ﬂi"d
LU

Lithium flow
Lithium flow (standby)
Cesium flow
Cesium flow (standby)

Main NaK flow
Hot trap flow
NaK bypass flow

amplifier
amplifier
amplifier

amplifier

amplifier

105 & 106
107 & 108
109 & 110

111 & 112

139 & 140

Flowmeter and Feedthru

85 & 86
87 88
89 g0
91 92
a3 94
113 114
115 116
117 v 118

95 & 96
97 | o3
99 100
101 102
103 ¥ 104
{outsgide)
(outside)
{outside)



££9-¢¢ WNPUBIOWIDW] [BIUYIDT, Tl

L¥

Tnstrumentation Functions

Meter -~ Relavs

Cable No. 71 to Main Control Panel (CBA) Meter No, Cable No. 71 to Controllers Controller Yo,
Subcable 1 AK 27 & 28 1 Subcable 22 Cl 69 & 70 22
2 M1 2 2 Subcable 23 C2 75 & 76 23
3 AP 3 4 3 Subcable 24 C3 125 & 126 24
4 pDY 115 116 4
5 FDX 113 114 5
6 cux 111 112 6
7 BKX 109 ¥ 110 7
8 EIX 8
9 GOX 85 & 86 9
10 BMX 105 106 10
11 FNX 45 46 i1
12 BPX 107 108 12
o 13 EPX 89 ¥ 90 13
Cable No. 71 to Secondary Panel (CBD) Meter No. Cable No. 72 to Strip Chart
Subcable 14 AC 81 & 82 14 Subcable 1 ‘No, 1 5& 6
' 15 AF 121 | 122 15 ' 2 Ne. 2 31 & 32
' 16 AM 123 124 15 3
17 BD 127 128 17 4 pair 7 - bus shunt
18 BN 131 132 18 5 53 & 34
i 19 BK 154 16 19 6 61 & 62
P20 AKX 39 40 20 Y 7 63 & 64
v 21 AP 143 ¥ 144 21
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Instrumentation Functions
Relays (contd)

Meter

Cable No, 45
Multi-Point Recorder 1

Channel

1-26
2-27
3-28
4-29
5-30
6-35
7-36
8-~33
9-34

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

P4
P5
P6
P7
P3
P9
P10
P12
139
19
21
25
43
77
73
129

125
47
49
51

135

3 (pressure)\
4

6

5 pressure
>cab1e

7 number

12
13
10 /
& 140 - 34 amp 6
20
22
26
44y
78
74
¥ 130

load cell enc.

& 126
| 48

50
52

vacuum

& 136

temp.,

Czable No. 46
Multi-Point Recorder 2
Channel 1 23 & 24

2 1 2
3 9 10
4 11 12
5 1 18
6 17 18
7 13 14
8 37 38
9 3 A
10 7 i 3
11 27 1 28
12 29 30
13 35 36
14 41 42
15 331 34
16 75 76
17 79 80
18 65 £5
19 67 ; 68
20 69 70
P21 71 72
i 22 83 ¢ 84
23 119 ¥ 120
L 24
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100-kW erosion loop liquid metal circuits schematic diagram
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APPENDIX C

FABRICA TION DRAWINGS OF TEST SYSTEM

The fabrication drawings of the cesium-lithium test system are in-
cluded in this appendix (see Figs, C-1 through C-53). In some cases minor
deviations and/or modifications have been made for the reasons discussed
in the text, However, the essential features of the components and piping

arrangement are identical to the drawings,

JPL Technical Memorandum 33-633
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Body, separator — 100-kW erosion loop
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Fig. C-19. Plate, bottom, separator — 100-kW erosion loop
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APPENDIX D

CESIUM-LITHIUM LOQP OPERATING CHARACTERISTICS

The operating characteristics of the Cs-Li loop were determined by
modeling the performance of the major components (Li pump, Cs pump, Li
heater, Cs condenser, Cs subcooler, bypass valve) and combining the rela-
tions together with the hydraulic and heat loss characteristics of the system.
The CAL program resulting from this effort is given in this appendix. The
results of variation of key parameters over a range of interest is summarized
in Fig, D-1. The independent variables are taken to be the pump voltages
Eq and EZ’ the heat rejection rate Q, the NaK pump current I, the lithium
heater voltage E3, and the number of turns opening of the bypass valve N.

The variations of the condenser temperature TZ’ mass ratio L NaK tem-

perature T3, and lithium temperature T1 are shown for individual variations

in the independent parameters, At the design point of:

T1 = 1800°F
TZ = 1300°F
T3 = 900°F
C1 = 0,02

r =10

c

the control variables should have the following settings (from the figure):

E, =304V
E, = 283V
E, =11.3V
Q = 24,3 kW
T = 18.3 A

N

0. 45 turns

The effect of variations of the control parameters from the design peint can

be determined by following the appropriate curve,
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L4

M1

M2
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NOMENCLATURE

fraction of cesium in lithium at nozzle exit

area of loop at highest temperature, £t 2

fraction of lithium vapor in cesium at nozzle outlet
fractional lithium carryover

specific heat of cesium liquid and vapor at TlO’ Btu/1b°F
specific heat of lithium at T12
specific heat of lithium and cesium mixture into desuperheater
frictional drop in lithium lines, psi

frictional drop in cesium lines, psi

drop in bulk temperature in nozzle,’F

lithium pump voltage

cesium pump voltage

lithium heater voltage

emissivity of foil insulation

latent heat of lithium vapor, cal/g
latent heat of lithium vapor, B/1b -
latent heat of cesium vapor, cal/g
latent heat of cesium vapor, B/lb
total nozzle flowrate, lb/s

lithium flowrate in nozzle, 1b/s

lithium flowrate in pump, 1b/s
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NOMENCLATURE (contd}

M4 m < cesium flow in nozzle, 1b/s

N
M5 r'ncs mass flowrate of dissolved cesium, lb/s

£9
Mé r'nL. mass flowrate of lithium vapor, lb/s
ig

M7 m o desuperheater flowrate, 1b/s

“Sps
M8 r'npz cesium pump flowrate, 1b/s
N1 n number of layers of radiation shielding
PO Py inlet pressure of lithium, psi
Pl Py nozzle inlet pressure, psi
P2 Py> condenser pressure, atm
P3 Py, condenser pressure, psi
Q1 o heat input from lithium pump, kW
Q2 QZ heat input from cesium pump, kW
Q3 Q3— heat input from lithium heater, kW
Q4 Q4 radiant heat loss, Btu/hr
Q5 Q5 heat transfer in subcocler
Qb Q4 radiant heat loss, kW
Q7 QR heat rejection date required, kW
R1  pp, lithium density, 1b/ft>

*R2 T mass ratio of lithium to cesium in nozzle
R3 ium density, B/ft>
Pes cesium density,

R4 Prs lithium density, g/cm3
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NOMENCLATURE (contd)

cesium density, g/c:rn3

R5 Pes
*T1 T1 nozzle inlet temperature of lithium, °F
*T2 le condepser temperature, °F

T3 T34 potassium low temperature, °F

T4 le condenser temperature, °K

T5 Tl nozzle inlet temperature, °*°F, °C

T6 T19 temperature into desuperheater, °F

T7 T10 nozzle exit temperature, °C

T8 TlZ condenser femperature, °C

T9 TlO _ nozzle exit temperature, °K

X1 Tc temperature of vacuum chamber

X2 temperature factor

X3 temperature factor

X4 temperature factor

X5 T10 nozzle exit temperature, °F
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Cs-Li LOOP PERFORMANCE PROGRAM
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Cs-Li LOOP PERFORMANCE PROGRAM { contd)
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CARRYOVER FRACTION &
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Fig, D-1, Cs-Li loop characteristics
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